Abstract: Optical fiber communications continued to advance at a rapid pace in 2010. This paper presents a brief overview of the most exciting technological advances of 2010, eking out record capacity out of optical fiber through enhancing spectral efficiency and shrinking power consumption using modern optical fiber communication system designs.
The most prominent research trend over the past few years in improving spectral efficiency and obtaining lower channel power has been the coherent transceiver technology, as opposed to direct detection technology. In addition, higher level modulation formats, and optical/electronic signal processing in conjunction with coherent communication technology help further increase spectral efficiency. Similarly, miniaturization of optical components through photonics integrated circuits (PICs) and advanced electronic signal processing techniques keep the operating channel power even lower. Consequently, a higher total capacity through a single optical fiber can be obtained. In the following, we will review the major accomplishments in 2010 on achieving high spectral efficiency and least operating channel power for obtaining record overall capacities in optical fiber communication systems.
Spectral Efficiency: Coherent optical communications in combination with multilevel modulations is considered as the next revolution of optical communication due to the potential of high spectral efficiency and high receiver sensitivity [4] , [5] . In coherent optical communication, information is encoded onto amplitude, phase, and polarization of the electrical field of the light wave. Since information symbols can be encoded in all the degrees of freedom available in a fiber, the coherent system permits use of spectrally efficient multilevel modulations. Some great progress was made in 2010 on coherent communication using multilevel modulations leading toward record capacity out of optical fiber systems [6] [7] [8] [9] [10] . Among short distance demonstrations, NTT's postdeadline publications of OFC 2010 and ECOC 2010 are prominent, in which they reported spectral efficiencies of 6.4 and 9.0 b/s/Hz, respectively [6] , [7] . These demonstrations were carried out with a total of 432 Â 171 Gb/s and 100 Â 120 Gb/s channels using 16-and 64-quadrature amplitude multiplexing (QAM) formats with polarization division multiplexing (PDM) on 240 km and 160 km of fiber, respectively. Similarly, AT&T Research Lab's demonstration of 640 Â 107 Gb/s over 320 km of transmission resulted in spectral efficiency of 8 bps/Hz [8] . Among long-haul distance demonstrations, Alcatel-Lucent's experimental demonstration of 4-bps/Hz using ten 224-Gb/s channels over 1200-km fiber is quite impressive [9] . For ultralong-haul distances, Tyco Telecommunications demonstrated 112 Â 112 Gb/s transmission using quadrature phase shift keying (QPSK) with PDM over 9360 km, setting a record spectral efficiency of 3.6 bps/Hz for transpacific distances [10] .
Over the past few years, orthogonal frequency-division multiplexing (OFDM) scheme has come out as an efficient coherent communication scheme in an attempt to enhance spectral efficiency. In 2010, this trend continued, and many record-breaking experimental demonstrations were carried out using OFDM [11] [12] [13] [14] . Among specific examples of published research include an experimental demonstration of a 400-Gb/s coherent PDM-OFDM transmission over 80 km in a 50-GHz frequency grid, resulting in 8 bps/Hz of spectral efficiency [15] . OFDM has also led the way to utilizing optical signal processing techniques that are inherently associated with low complexity and ultrahigh speed [16] , [17] . Optical signal processing can provide some specialized functions that may not be matched by electronic counterparts, such as phase-sensitive amplification, transparent optical grooming/aggregation, advanced modulation format conversion techniques, and seamless bandwidth scaling, all resulting in enhanced spectral efficiency and higher total capacity out of fiber. An example of such work is experimental demonstration of an optical fast Fourier transform (FFT) scheme at a data rate of 392 Gb/s using passive optical components with OFDM [16] . It enables OFDM signal processing way beyond the bandwidth limits of electronics, thereby possessing a huge potential of much higher spectral efficiencies. Another example is the demonstration of a single source optical OFDM transmitter at the data rates of 5.4 and 10.8 Tb/s and single receiver based upon optical FFT [17] . The transmitter at the data rates of 5.4 and 10.8 Tb/s used 75 spectrally overlapped QPSK and 16-QAM signals, respectively, producing spectral efficiencies of 2.88 and 5.76 bps/Hz. Fig. 2 summarizes the maximum spectral efficiency demonstrated in 2010, using various modulation formats with coherent communication.
Optical signal processing cannot only help OFDM systems achieve higher data rate and spectral efficiency but can help other coherent optical systems avoid complex implementation of electronic signal processing to further enhance the spectral efficiency as well [18] , [19] . A notable experiment involving optical signal processing has shown 512-QAM coherent optical transmission by using an optical phase-lock loop. A polarization-multiplexed 54-Gb/s data signal was transmitted at 3 Gsymbol/s with an optical bandwidth of 4.1 GHz [18] . Although, this experiment was carried out with single channel but achieving a data rate of 54 Gb/s possessing a bandwidth of only 4.1 GHz suggests that spectral efficiency of more than 10 bps/Hz is on the horizon. Another example of optical signal processing using multilevel coherent communication, is the demonstration of 128-Gb/s transmission on 610 km of standard single mode fiber using parallel optical signal processing at the receiver [19] . Although the achieved spectral efficiency was only 1.8 bps/Hz, this experiment demonstrates that employing optical signal processing relieves electronic signal processing, thereby enabling electronic dispersion compensation of 610 km of standard single mode fiber, which would otherwise have not been possible.
The trend of using optical signal processing in combination with coherent signal processing and multilevel modulation formats is a key to increasing spectral efficiency in optical communication systems, as mentioned in the references above. However, at the same time, optical signal processing helps mitigate fiber degradations [19] , as well as achieve important networking functions in all optical networks. An example of this kind of work is a demonstration of a tunable and reconfigurable tapped delay line using conversion dispersion-based delays [20] . At this point, it is important to mention that many novel designs of multimode and multicore fibers emerged in 2010 to optically process the WDM signal by adding another dimension to either mitigate fiber degradations e.g., fiber dispersion, nonlinearity, and crosstalk [21] [22] [23] , and/or help design access networks [23] [24] [25] [26] .
Power efficiency: Many examples of multilevel modulation formats using coherent communication leading toward record spectral efficiency and fiber capacity were summarized in the above section. Higher level modulation formats using coherent communication require complex highspeed electronic signal processing at the transmitter, as well as at the receiver end. Without miniaturizing the size of electronics both at the receiver and transmitter end, it would not have been possible to implement such higher level modulation schemes using coherent communication. Therefore, a lot of work on PICs producing miniaturized transmitter sources and high electronic signal processing at the receiver has been carried out over the past few years, and the trend continued in 2010 as well [27] [28] [29] [30] [31] . Photonic integration enables cost-effective, reliable, and powerefficient scaling of optical networks and helps to realize a higher level of performance and functionality. PICs play an increasingly critical role in the realization of the functionalities that are required to advance optical communication systems. One more requirement for higher level modulation formats is to have higher operating channel power, which can further increase fiber nonlinearities, thereby limiting the fiber capacity. Using PICs and high-speed electronic/optical signal processing can relieve the operating channel power, consequently enabling highly spectral efficiency, producing high-capacity optical fiber communication systems. There were quite a few research experiments using this line of research in 2010 [8] , [32] , [33] . All these experiments used electronic signal processing at the transmitter and/or receiver to enable higher level modulation formats, obtaining record capacity through the optical fiber. For example, in an experimental demonstration, with 16 PDM-QAM at 112-Gb/s transmission over a distance of 1440 to 2400 km of standard single mode fiber was successfully carried out using nonlinear digital back propagation and novel electronic signal processing techniques [33] .
It is also important to mention that minimizing power consumption may not only be necessary to achieve higher capacity by reducing fiber degradations and increasing spectral efficiency with effective signal processing, power, and energy-efficient networks may also be needed for environmental reasons. Some important foundational work was accomplished in this line of research in 2010 as well [34] [35] [36] .
Conclusion: In conclusion, to obtain record capacity needs of future generation optical fiber networks, the research trend is to use coherent communication with multilevel modulation formats. To enable multilevel modulation formats, optical and/or electronic signal processing at the transmitter and receiver ends is essential. Similarly, PICs are the key to implementing such complex optical and electronic signal processing schemes required for multilevel modulation formats using coherent communication. This trend continues to grow, and we will soon see more research and experimental demonstrations paving the way for spectral efficiencies of up to a few tens of bits per second per Hertz in the near future.
